During 30S ribosomal subunit biogenesis, assembly factors are believed to prevent accumulation of misfolded intermediate states of low free energy that slowly convert into mature 30S subunits, namely, kinetically trapped particles. Among the assembly factors, the circularly permuted GTPase, RsgA, plays a crucial role in the maturation of the 30S decoding center. Here, directed hydroxyl radical probing and single particle cryo-EM are employed to elucidate RsgA´s mechanism of action. Our results show that RsgA destabilizes the 30S structure, including late binding r-proteins, providing a structural basis for avoiding kinetically trapped assembly intermediates. Moreover, RsgA exploits its distinct GTPase pocket and specific interactions with the 30S to coordinate GTPase activation with the maturation state of the 30S subunit. This coordination validates the architecture of the decoding center and facilitates the timely release of RsgA to control the progression of 30S biogenesis.
INTRODUCTION
The bacterial 70S ribosome is a large 2.4 MDa molecular machine responsible for protein synthesis that is composed of two subunits, the 30S and 50S subunits. The 30S subunit is assembled from an rRNA precursor and 21 ribosomal proteins (r-proteins, bS1-bS21) in a metabolically costly process termed ribosome biogenesis that is strictly regulated and responsible for cell growth. Although the 30S subunit can be reconstituted in vitro from only its constitutive components, the 16S rRNA and r-proteins uS2-bS21, in Escherichia coli, there is a growing list of accessory proteins, including at least five assembly factors and 15 modifying enzymes, involved in 30S biogenesis (1) . Initially, the 30S assembly map (or Nomura assembly map) established the ordered and sequential fashion in which the rproteins, categorized accordingly into primary, secondary, and tertiary binders, are assembled onto the ribosome under equilibrium conditions (2) . The binding of r-proteins to the 16S rRNA is generally responsible for promoting longrange tertiary structure, while local secondary structure (i.e. helices) forms independently of r-proteins (3, 4) . Subsequent pulse-labeling based quantitative mass-spectrometry (PC/QMS) experiments have expanded on the Nomura assembly map by providing a kinetic description of 30S subunit assembly, showing that individual r-protein binding rates vary over two orders of magnitude and generally correspond to the binding order described in the classical Nomura assembly map (5) . Importantly, this study and others (4) (5) (6) indicated that 30S assembly can follow multiple parallel pathways.
In line with the co-transcriptional nature of ribosome assembly, r-protein binding rates follow the 5 to 3 directionality of rRNA transcription, such that r-proteins bind rapidly to the 5 16S rRNA domain that forms the 30S body, and more slowly to the 3 domain that forms the 30S head (5) . This directionality has also been observed in time-resolved cryo-EM experiments where assembly intermediates from in vitro assembly experiments were visualized (6) . This study, as well as subsequent studies with in vivo assembled intermediates, has shown that the earliest observed particles, Group I particles, show density corresponding to only the 30S 5'-body and central platform domains, while the 3'-head domain appears later, being either detached (Group II) or attached (Group III) to the 30S body (6, 7) . The fact that there are two 30S head positions seen in the assembly intermediates suggests that there are two alternative pathways for its maturation with the binding of r-protein S5 playing a role in promoting the attachment of the head by stabilizing the h1/h28 interface (7) . In terms of r-proteins, the Group I particles lack, as expected, 3 -head domain binding proteins (uS2, uS3, uS7, uS9, uS10, uS13, uS14, uS19) as well as the 5 -body proteins, uS5 and uS12 (7) . Note throughout the manuscript we use the rprotein naming convention described by Ban and colleagues (8) where the u and b prefix indicate proteins that are present in all three domains (universal) or are specific to bacteria, respectively. The Group II and III particles contain uS5 but remain deficient in the 5 -body protein, uS12 (7) . Finally, the later stage Group IV and V particles, which are the most similar to the mature 30S subunit, are deficient in only uS2, uS3 and bS21 to varying extents.
Overall the folding of the 5 and central domains is more robust than that of the 3 domain possibly due to redundant, alternative assembly pathways, while assembly of the 3 domain follows a more restrictive pathway that is susceptible to interference and kinetic traps (9) , accounting for the higher number of ribosome assembly factors that intervene in its assembly. For example, in the 3 head domain, the assembly factor RimM is proposed to avoid kinetic traps by holding the solvent side helices in a more open conformation, allowing h43 to be transcribed and core helices 31 and 43 to fold correctly (10) . Similarly, RimP is suggested to avoid pathways leading to kinetically unfavorable Group II intermediates by facilitating the formation of a long-range pseudoknot interaction that lies at the core of the 30S decoding center to form the interface of the head and body domains (7) . RbfA significantly affects the conformation of h44 and is thought to play a role in the maturation of this central pseudoknot region and 30S decoding centre, by directing the refolding of the 16S rRNA leader and h1 (10) (11) (12) .
In this study, we focus on the role of the GTPase, RsgA (also called YjeQ/YloQ/CpgA) (13, 14) , a ribosome assembly factor that intervenes during the later stages of 30S maturation. RsgA is broadly conserved among bacteria (13, 15) , and deletion of the protein or inactivation of its GTPase activity strongly affects cell growth (14) , ribosomal profiles (14, 16, 17) , processing of 17S rRNA, a major precursor of 16S rRNA (14, 18) , peptidoglycan metabolism, cell morphology (19) , and virulence in Staphylococcus aureus (20) , suggesting its roles in ribosome biogenesis, bacterial survival and fitness (18) . RsgA in the GTP form binds tightly to the 30S subunit, which also strongly stimulates its intrinsic GTPase activity (over 100-fold) (14, 21, 22) . Since both the RbfA-releasing activity of RsgA and activation of its GTPase activity occur significantly on mature 30S subunit rather than on immature 30S subunits, RsgA is thought to act at nearly the last stage of 30S maturation (14, 21, 22) . RsgA promotes dissociation of RbfA from the 30S subunit (21) and as such facilitates the docking of the penultimate 16S rRNA helix, h44, on to the body of the 30S subunit (23, 24) . Indeed, ribosomes purified from RsgA depleted strains ( rsgA) are characterized by a distorted decoding center where h44/h45/h24 are not juxtaposed, preventing these particles from associating with the 50S subunit and engaging in translation (25) . Like other assembly factors, RsgA is assumed to facilitate 30S assembly by preventing and/or rescuing kinetically trapped 30S assembly intermediates (22, 23, 26) although the structural basis for this activity is unknown.
RsgA belongs to the TRAFAC class of GTPases that comprises translational factors and Ras-like proteins (15) , and thus shares an evolutionarily conserved GTPase domain characterized by the presence of the G1-G5 motifs, which are critical for GTP/GDP binding, GTP-induced conformational changes and GTP hydrolysis (27) . Interestingly, the GTPase motifs in RsgA are circularly permuted such that they follow a G4-G5-G1-G2-G3 order in the primary sequence instead of the sequential, G1-G2-G3-G4-G5, order. Accordingly, RsgA belongs to the subfamily of circularly permuted GTPases (CP-GTPase) alongside other ribosome biogenesis factors like RbgA(YlqF), YqeH and YawG, (15) . In the case of RsgA, the CP-GTPase is preceded by a N-terminal oligonucleotide/oligosaccharide binding-fold domain (OB-domain) and followed by a zincbinding domain (Zn-domain) on the C terminus (13, 28, 29) . In GTPases, the loops containing the G2 and G3 motifs, designated switch 1 and switch 2, respectively, undergo a large conformational change upon GTP hydrolysis that is important for cellular function (27) . In ribosomedependent GTPases like EF-G and EF-Tu, the ribosome stimulates GTP hydrolysis by helping to position a catalytic residue in switch 2 (His84 in EF-Tu and His91 in EF-G), corresponding to Gln61 in the prototypical GTPase Ras, in a conformation suitable for coordinating the active site water (30) . Notably, this residue in RsgA is substituted by a valine (Val270), which is typical of the so-called family of HAS-GTPases (Hydrophobic Amino acid Substituted for catalytic glutamine GTPases (31)). Because of this substitution, the HAS-GTPases are believed to use an alternative mechanism for GTP hydrolysis (31) . For example, it has been suggested that the catalytic histidine residue in the circularly permuted HAS-GTPase RbgA originates from the outside of the switch 2 region, where His9 approaches the ␥ -phosphate group in a manner similar to the catalytic residue of EF-Tu (32). However, for RsgA and other ribosome-associated CP/HAS-GTPases, the structural foundation underlying the mechanism of GTP hydrolysis including the role of the ribosome in activation of the GTP pocket is unknown. In the case of RsgA, this stems from the fact that although RsgA has been studied both in its free form by X-ray crystallography and the ribosomebound form by cryo-EM (23, 28, 29, 33) , the functionally important switch 1 region is disordered in the X-ray structures, Nucleic Acids Research, 2017, Vol. 45, No. 11 6947 while the two cryo-EM structures reported, in addition to depicting RsgA in opposing orientations on the 30S, due to their lower resolution, lack the molecular details to understand the mechanism of GTP hydrolysis.
With the increased importance of ribosome biogenesis as a potential anti-microbial target, the chemical basis of RsgA activity becomes more important (34) (35) (36) . Accordingly, in this study, we used advanced single particle cryo-EM and directed hydroxyl radical probing to characterize the interaction of RsgA in its GTP and GDP form with the 30S subunit. Taken together, the results elucidate the overall mode of interaction of RsgA with the 30S subunit and how it changes in response to the bound guanine nucleotide. Moreover, on the 30S subunit, the GTPase pocket of RsgA, including the functionally important switch 1 region, is ordered and observed in an activated state that is dependent on interactions with key features of the 30S mRNA/tRNA binding sites. The structure reveals that, unlike other TRAFAC-GTPases, the catalytic residue in RsgA originates in the switch 1 loop (His248) and therefore represents a mechanistic variation of the classical GTPase pocket. Elements of the 16S rRNA play a role in positioning this catalytic residue analogous to that played by the 23S rRNA in activating TRAFAC-GTPases like EF-Tu. Finally, the 30S-RsgA reconstruction provides structural evidence that RsgA has a role in destabilizing kinetically trapped assembly intermediate as it induces local conformational changes in the 30S structure and disrupts binding of uS2, uS3, uS12 and bS21.
MATERIALS AND METHODS

Ribosome preparation
Cell extract from E. coli A19 (in 20 mM Tris-HCl (pH 7.5), 150 mM NH 4 Cl, 10 mM Mg(OAc) 2 and 0.5 mM EDTA) was centrifuged at 20 000 rpm using a Hitachi P65A rotor for 30 min at 4
• C, and the supernatant was centrifuged at 80 000 rpm with Hitachi RP80AT rotor for 30 min at 4
• C. The pellet was washed with 10 mM Tris-HCl (pH 7.6), 10 mM MgCl 2 , 1 M NH 4 Cl, 1 mM dithiothreitol, resuspended in 10 mM Tris-HCl (pH 7.6), 10 mM MgCl 2 , 60 mM NH 4 Cl, 1 mM dithiothreitol and 10 g/ml 4-(2-aminoethyl)benzenesulfonyl fluoride, and was centrifuged through the same buffer solution containing 20% sucrose at 80 000 rpm using a Hitachi RT80AT rotor for 30 min at 4
• C. The resulting fraction was washed twice with 10 mM Tris-HCl (pH 7.6), 10 mM MgCl 2 , 1 M NH 4 Cl and 1 mM dithiothreitol, and was stored at -80
• C as the ribosome fraction. Subsequently, this ribosome fraction was separated into 70S ribosomes and 50S or 30S subunits by centrifugation at 25 000 rpm with a Hitachi P28S rotor for 8 hours at 4
• C on 5-20% sucrose density gradients containing 10 mM Tris-HCl (pH 7.6), 10 mM MgCl 2 , 60 mM NH 4 Cl and 1 mM dithiothreitol. 70S ribosomes and subunits were concentrated by further centrifugation at 80 000 rpm with a Hitachi RP80AT rotor for 90 min at 4
• C and stored at -80
• C in Tris-HCl (pH 7.6), 10mM MgCl 2 , 60 mM NH 4 Cl, 1 mM dithiothreitol and 10% glycerol.
Preparation of RsgA
RsgA and the Cys mutants, with an His6-tag sequence at the N-terminal, were overexpressed in E. coli strain BL21(DE3) harboring a pGEMEX2 derivative containing the gene for E. coli RsgA under the T7 promoter sequence. The overexpression was induced by the addition of 1 mM isopropyl-1-thio-␤-D-galactopyranoside. The protein was purified by chromatography using first DEAEcellulose (Tosoh) and then Ni-IMAC Profinity (Bio-Rad), and subsequently stored at -80
• C in 20 mM HEPES (pH 7.6), 10 mM MgCl 2 , 200 mM KCl, 1 mM EDTA and 10% glycerol.
GTPase activity
The GTPase reaction proceeded at 37
• C in 50 l reaction mixtures containing 50 mM MOPS (pH 8.0), 10 mM NaCl, 10 mM MgCl 2 , 10% glycerol, 600 nM RsgA, 100 nM 30S subunits and 100 M GTP. A 10 l aliquot was withdrawn from the mixture at 0, 10, 30 and 60 min and the reaction was stopped by adding 40 l of 100 mM EDTA. The level of GTP hydrolysis was quantified by measuring the level of released phosphates using BIOMOL GREEN™ reagent (BIOMOL).
Conjugation of Fe(II)-BABE to RsgA
1.5 nmol of each RsgA derivative was incubated with 20 nmol Fe(II)-BABE in 100 l solution containing 50 mM MOPS (pH 8.2), 10 mM NaCl, 1 mM EDTA and 5% glycerol at 37
• C for 1 h. Free Fe(II)-BABE was excluded by gel filtration.
Formation of the 30S-RsgA complex for directed hydroxyl radical probing
Fe(II)-tethered RsgA (150 pmol) was preincubated with 2 mM GDPNP or 3 mM GDP for 15 min at 37
• C. The 30S subunit (15 pmol) was incubated with Fe(II)-tethered RsgA-GDPNP (75 pmol) or RsgA/GDP (150 pmol) in 25 l of 50 mM MOPS (pH 8.0), 10 mM NaCl, 0.1 mM EDTA, 10 mM MgCl 2 and 10% glycerol at 37
• C for 30 min.
Directed hydroxyl radical probing
25 l of the complex of the 30S subunit and Fe(II)-tethered RsgA was probed by initiating hydroxyl radical formation with 3 l of 250 mM ascorbic acid and 3 l of 1.25% H 2 O 2 .
The reaction mixtures were incubated on ice for 10 min and quenched with 100 mM thiourea. 16S rRNA was prepared by phenol extraction and ethanol precipitation (28) . Reverse transcriptase reaction was carried out in a 12-l reaction mixture containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 0.5 mM each of dNTP, 1 pmol of rRNA, 2 pmol of 5' Texas Red labeled DNA primer complementary to a portion of the rRNA sequence, three units of ribonuclease inhibitor from human placenta (Takara) and 18 units of reverse transcriptase from Molony Murine Leukemia Virus (RNase H − , Takara). After the addition of 3 l of a stop solution containing 7 M urea and 0.5% bromophenol blue, the positions of cleavages were analyzed using a fluorescence DNA sequencer (Hitachi SQ-5500).
Complex preparation for cryo-EM
To isolate the 30S-RsgA complex with high occupancy we co-incubated RsgA with 70S ribosomes; alone these ribosomes are stable as 70S ribosomes in a sucrose gradient made in buffer containing 10 mM at a Mg 2+ . If the 70S ribosomes are co-incubated with RsgA the 70S ribosome dissociates into subunits due to the action of RsgA (14, 37) and the resulting 30S subunit bound by RsgA (further stabilized by the use a non-hydrolysable GTPase analogue (GDPNP)) can be easily separated by sucrose gradient centrifugation. Accordingly, RsgA was bound to 70S E. coli ribosomes in the presence of GDPNP in a reaction containing 13.1 M 70S ribosomes, 37.8 M RsgA, 1 mM GDPNP, 37.5 mM Tris-HCl (pH 7.6), 15 mM MgCl 2 , 100 mM NH 4 Cl, 28 mM KCl and 6 mM 2-mercaptoethanol. After a 10 minincubation at 37
• C, the reaction (6 ml) was dialyzed against a 1.5 l of basal buffer containing 10 mM HEPES-KOH (pH 7.8), 10 mM MgCl 2 , 60 mM NH 4 Cl, and 6 mM 2-mercaptoethanol. The reaction was diluted by an equal volume of the basal buffer containing 5% sucrose, and loaded onto a 5-40% sucrose gradient and centrifuged at 23 000 rpm, 4
• C for 17 h by Zonal rotor Ti-15. The fractions containing the 30S subunits were then sediment by centrifugation (Type 45 Ti rotor) at 39 000 rpm, 4
• C for 22 h. The resulting 30S subunit pellets were re-suspended and dialyzed against the basal buffer to a concentration of 220 A 260 /ml and stored at -80
• C until use. SDS-PAGE analysis confirmed that RsgA was bound to the 30S subunits.
Electron microscopy
The 30S-RsgA complex purified by sucrose density gradient centrifugation was diluted in basal buffer and subsequently plunge frozen in liquid ethane on glow-discharged Quantifoil R2/1 grids using a Vitrobot (FEI) set to 4
• C and 100% humidity with a 30 s incubation and 3-3.5 s blot time. Automated data acquisition (EPU software, FEI) was performed at eBIC (Diamond Light Source, UK) with a Titan Krios microscope (FEI) at 300 kV equipped with an energy filter (zero loss) and Falcon II direct detector (FEI). Seventeen movie frames were acquired from a 1.5 s total exposure at a calibrated magnification of 59 000× (yielding a pixel size of 1.39Å). Dose rates of 20 electrons/Å 2 /s and defocus ranges from 1.5 to 3.0 m were used.
Image processing and structure determination
Whole-image motion correction and contrast transfer function (CTF) estimation for each movie was performed using MotionCorr (38) and CTFFIND4 (39), respectively. A total of 878 976 projection images of 30S particles were picked using the automatic picking method in RELION (40) . Initially, reference-free two-dimensional classification in RELION (40) was used to discard poorly aligning particles and the best images subsequently employed in a threedimensional refinement in RELION using a 40Å lowpass filtered empty 30S subunit as an initial reference. The resulting reconstruction showed obvious signs of orientation bias and was therefore subjected to reweighing using a modified version of the reweight particle stack.py script (https://github.com/leschzinerlab/Relion, Michael A. Cianfrocco) to randomly remove particles from the most populated orientations. The remaining 191 440 particles were refined (without masking) and subsequently classified with RELION into six groups. After classification, refinement and particle polishing were continued with RELION for each group independently. For the refinement of the individual groups, particles were initially refined without a mask until convergence. A mask specific to the overall particle was then generated by low-pass filtering the converged volume to 15Å, and then using an initial threshold sufficient to encompass the entire volume, a soft mask was generated. The refinement was continued using this soft mask until convergence generating the 6 volumes seen in Supplementary Figure S1 including the RsgA-AI (denoting RsgA assembly intermediate; group 1) used for model building and shown in the all figures, unless otherwise specified. In the case of group 1 (RsgA-AI), the converged volume was subject to a second classification step without angular refinement and using a mask around the ribosome head to generate three groups. The resulting volumes from the two largest groups were again subjected to the refinement and masking protocol described above, generating the RsgA-AI -S3 and RsgA-AI +S3 maps (Supplementary Figure S1) . It should be noted that our 3D classification/refinement process revealed other volumes that show increased disorder in the 30S head and decoding site (top of h44; Supplementary Figure S1 ), as well as weaker or more disordered density for RsgA. We attribute these maps to complexes where RsgA is bound to the 30S subunit but either prematurely dissociates due to strong dilution during sample preparation or is bound in a less stable or dynamic conformation. Further work is required to address these dynamic 30S-RsgA-states, which may represent the initial encounter or accommodation complexes hypothesized above.
Model building, refinement and validation
A homology model of E. coli RsgA (sequence P39286), using Salmonella typhimurium RsgA (PDBID 2RCN) as a template, was built into density corresponding to RsgA (isolated from the RsgA-AI map) using Rosetta (41) . The resulting model was merged with a model corresponding to the E. coli 30S subunit (PDB ID: 4YBB; (42)). The resulting E. coli 30S-RsgA refined using a jelly-body refinement in Refmac v5.8 with external restraints derived from ProS-MART and LIBG (43) into the RsgA-AI map. Poorly fitting elements like the switch-1 and switch-2 regions were manually rebuilt into the density using Coot (44) and finally subjected to a local refinement using Phenix real space refine (45, 46) . Ribosomal proteins were left unmodeled when they lacked corresponding density in the map when set at a threshold where the remaining ribosomal elements where generously accommodated.
Quantification and structure analysis
Reported global resolutions are based on the gold-standard FSC = 0.143 criterion (47) as determined in RELION while Nucleic Acids Research, 2017, Vol. 45, No. 11 6949 local resolution was estimated with RESMAP (48) using default parameters. Presented maps are corrected according to the detectors MTF, sharpened with negative B factors initially estimated using automated procedures (49) and lowpass filtered to the estimated local resolution.
The 30S head rotation was measured using the Euler-Rodrigues formula implemented as a PyMOL plugin (http://rna.ucsc.edu/rnacenter/erodaxis.py; (50)). RsgA domain rotation was estimated using the angle between domains PyMOL plugin (https: //pymolwiki.org/index.php/Angle between domains).
RESULTS
Structure determination and overview
RsgA was bound to the 30S subunit as it shows significantly higher GTPase activity (14) and higher affinity for mature subunits rather than immature subunits isolated from rsgA rbfA, rsgA and rimM E. coli null strains that accumulate ribosomal assembly intermediates (21, 22) . This was done by utilizing the ability of RsgA-GDPNP to dissociate 70S ribosomes into a 50S and a RsgA-bound 30S subunit, which can be purified by sucrose gradient fractionation (14) , to prepare a highly-occupied E. coli 30S-RsgA complex for study by cryo-EM (see Materials and Methods). With data collected from this sample, we used 2D and 3D classification routines to select particles with welldefined density for RsgA and generated a reconstruction at an overall resolution of 5.2Å (RsgA-AI; RsgA-Assembly Intermediate; Supplementary Figure S1) , showing RsgA bound to the 30S subunit with the highest local resolution in the core of the 30S body and lower local resolution at the periphery and within the 30S head (Figure 1A-F; Supplementary Movies S1 and S2). Local resolution in the cryo-EM density corresponding to RsgA ranges largely within 4.5-5.5Å, and therefore we built a backbone model (residues 18-346) of E. coli RsgA using the homologous Salmonella typhimurium RsgA crystal structure (94% identity; PDB ID: 2RCN) as the starting point (Figure 1F and G; see Materials and Methods). Importantly, the cryo-EM map resolved and allowed us to model residues in the switch 1 region which are often disordered and consequently absent in Xray structures of TRAFAC-GTPases including the RsgA-GDP structure we used as a starting model.
In the RsgA-AI map, RsgA-GDPNP is bound to the subunit interface of the 30S subunit where the OB and CPGTPase domains of RsgA interact with the 30S body, while the Zn-domain contacts the 30S head ( Figure 1A and B) . This orientation contrasts the binding mode of RsgA proposed in a previous cryo-EM study where RsgA is rotated roughly 180
• on the surface of the 30S subunit such that the OB-domain contacts the 30S head and the Zn-domain is positioned on helix 44 (h44; Supplementary Figure S5; (33) ). The binding mode observed here does mirror the overall orientation seen in a second cryo-EM reconstruction from Guo et al. (Supplementary Figure S5) , although the improved resolution of the RsgA-AI map affords a detailed understanding of the interaction surface and mechanism by which the GTPase pocket is activated (discussed below). Additionally, the RsgA-AI map indicates that although initially bound to a mature 30S subunit, RsgA induces conformational changes in the 30S subunit that destabilize rproteins uS2, uS3, uS7, uS12 and bS21 such that they are significantly underrepresented in the RsgA-AI map. This profound underrepresentation of r-proteins was not observed in the previous reconstruction of the 30S-RsgA complex (23) and may be attributable to improvements in cryo-EM methodology (51) or to the purification of the sample via a sucrose gradient before cryo-EM analysis which yields a more homogenous 30S-RsgA sample. In the RsgA-AI map, h44 is stably docked in its canonical position as seen in a mature 30S subunit which is in line with the idea that RsgA binding is associated with h44 assuming its mature conformation during the last stages of ribosome assembly (7, 23, 24) . Finally, the 30S head is rotated ∼12
• around an axis that is roughly perpendicular to the axis characteristic of 30S head rotation seen in the 70S (50) and its movement can be described as a nodding rather than a rotation (Supplementary Figure S2A ). Although unusual, a similar nodding of the 30S head was recently described in the structures of the 30S initiation complexes (52) (Supplementary Figure  S2B) .
Tertiary binding proteins are underrepresented in the RsgA-AI cryo-EM map
Typically, the Group IV and V particles associated with the late stages of 30S assembly are deficient in r-proteins uS2, uS3 and bS21 to varying extents (7). These proteins as well as uS7, uS12, are strongly underrepresented in the RsgA-AI map when the threshold is set close to the level of the solvent that generously accommodates the rest of the subunit ( Figure 1H and I) . Even if the map is low pass filtered (i.e. to 12Å) to accentuate disordered elements in the density, the bulk of uS2, uS3, uS12 and bS21 remain the weakest elements in the map (Supplementary Figure S6) . The weakness or underrepresentation of r-proteins in the cryo-EM map can stem from either substoichiometric binding and/or local disorder in the r-proteins indicating that they are bound in a dynamic fashion; two possibilities that cannot be distinguished in the cryo-EM map. Secondary structure elements of r-proteins uS10 and uS14 that are in proximity of the uS3 binding site show weak, fragmented density at high thresholds but the density becomes more evident as the threshold is lowered (Supplementary Figure S6) . This suggests that there is local disorder in these proteins resulting from the lost interactions with uS3, which as mentioned, is completely absent in the map.
Among the underrepresented proteins, uS12 is the closest to the RsgA binding site and its underrepresentation can be rationalized by a direct steric clash between the loop of uS12 (residues 39-49) that is deeply inserted between h18 and h44 and the N-terminal extension (NTE) of RsgA. Ribosomal proteins uS2, uS3 and bS21 are more remote from RsgA and accordingly RsgA-induced conformational changes in the 30S subunit structure must lead to their destabilization. To address the structural variability in the 30S head, we employed a focused 3D classification/refinement routine to separate the dataset into two populations with an overall resolution of 5.4 and 5.8Å, respectively (Supplementary Figure S1 , volumes RsgA-AI -S3 and RsgA-AI +S3 ). These two volumes differ most obviously in the orientation (29) . (H and I) The 30S-RsgA-GDPNP cryo-EM map is rendered at a low threshold to highlight r-proteins that are most significantly unaccounted for by the density. In panel H the map is shown from the subunit interface with RsgA colored blue and in panel I the map is shown from the solvent side (see inset) with a focus on the 30S head region. In Supplementary Figure S6 , the maps are rendered at additional thresholds and with a low pass filter applied to further illustrate the underrepresentation of the r-proteins in the map. Figure S2C) and the relative strengths of density corresponding to ribosomal protein uS3 (Figure 2A and B) . Specifically, density corresponding to uS3 is significantly weaker in the map designated RsgA-AI -S3 . As seen in Figure 2C -E where individual 16S rRNA residues are colored according to their relative displacement, when models corresponding to the two maps are compared (i.e. RsgA-AI -S3 versus RsgA-AI +S3 ), it can be seen that 16S rRNA residues surrounding the uS3 binding site undergo a significant conformational change; specifically, in the RsgA-AI -S3 map the 16S rRNA has a more open structure with the backbone of h34 shifting by ∼7Å. The observed displacement of the rRNA residues is most significant around the irregular backbone structure of h34, which forms part of the uS3 binding site (Figure 2C-E) . Although the open conformation can be both the cause and effect of the observed underrepresentation of r-proteins, the change in h34 could disrupt the uS3 binding site and prevent the C-terminal ␤-sheet of uS3 from packing against the minor groove of h34 as seen in the structure of the mature 30S subunit.
of the 30S head (Supplementary
RsgA-induced conformational changes in the 30S head may destabilize or slow incorporation of the tertiary rproteins to promote a favorable maturation pathway, in-line The two reconstructions that result from the 3D classification procedure, namely an RsgA Assembly Intermediate without uS3 (RsgA-AI -S3 ) and an RsgA Assembly Intermediate with uS3 (RsgA-AI +S3 ) are shown. The density corresponding to uS3 becomes stronger after classification, although it is still weaker than the surrounding proteins. Here, the density corresponding to the 30S head (dark gray) and body (light gray) are colored distinctly. Additionally, density corresponding to the r-proteins uS2 (orange) and uS3 (blue) have been isolated using a mask generated from an aligned 30S subunit structure (PDBID 4ybb). These isolated densities are set at an equivalent threshold such that they have the same strength as seen in the originating map. (C) To highlight helices discussed in the text, the 16S rRNA component of the 30S head is shown in the same orientation as panel E with selected 16S helices colored distinctly. The Zn-domain of RsgA is shown as a blue ribbon to indicate the position relative to the highlighted helices. (D and E) The 16S rRNA component of the 30S head corresponding to the RsgA-AI -S3 (colored) and RsgA-AI +S3 (gray) have been aligned and colored according to the key to illustrate the displacement (inÅ) of corresponding residues in the two structures. The structures are shown from the solvent side (D) and subunit interface side (E). uS3 is shown as a transparent grey ribbon to illustrate its binding site on h34. The Zn-domain of RsgA is shown as a blue ribbon (panels C and E) to indicate its position relative to residues that experience increased displacement.
with the notion that assembly factors act by delaying specific folding steps to avoid kinetic traps (10) . In this respect, previous work from Mulder and colleagues demonstrates that premature binding of tertiary proteins to the 3 domain, in particular rapid binding of uS2 prior to uS3, results in kinetically trapped assembly intermediates that convert slowly to mature 30S subunits (6) .
RsgA is positioned to monitor key features of the 30S mRNA/tRNA binding sites
The overall positioning of RsgA on the 30S subunit (Figure 3) indicates that RsgA monitors residues that play key roles in mRNA decoding at the A-and P-tRNA binding sites. For example, in the A-site the OB-domain of RsgA is positioned between h18 and h44, with the loop connecting ␤1 and ␤2 of RsgA (Phe48-His51; Figure 3A , Supplementary Figure S3A ) inserted into the minor groove of h44 near A1410 and the bulged A1492/A1493 which are essential for monitoring correct mRNA decoding in the 30S A-site (30).
The displacement of A1492-93 from h44 is consistent with chemical probing experiments showing that the reactivity of their base-paring partner, A1408, increases in the presence of RsgA-GDPNP (53) . Overall the binding mode of RsgA with h44 is similar to that of initiation factor IF1 in that both factors bind to overlapping sites on h44 and displace A1492 and A1493 from the helical stack into a pocket formed by the OB domain (Supplementary Figure S3B) . In the case of IF1, its interaction with h44 serves as anchoring point for the other two initiation factors (IF2 and IF3) during the initiation phase of protein synthesis (52, 54) , suggesting that the OB domain of RsgA may similarly act as anchoring point for its remaining two domains.
Preceding the OB domain, there is a weakly conserved N-terminal extension (NTE, residues 1-33 in E. coli, Supplementary Figure S4 , red bar) of variable length, which is generally longest in gammaproteobacteria including E. coli (28) . By low pass filtering the cryo-EM map, density corresponding to the unstructured NTE ( Figure 1A and B, red density) can be observed as continuous den- Figure 1G . Residues of switch 1, switch 2 and the ␤6/7 hairpin are colored marine blue, deep teal and light purple, respectively. The backbone CA atom of selected residues are rendered as spheres. Cryo-EM density (5.2Å lowpass filter, -100 B-factor) has been segmented and colored according to the underlying 30S subunit elements (purple, h44; yellow, h45; magenta, h24; cyan, h29/30; red, S13; gray, all else). The density corresponding to RsgA has been omitted for clarity but can be seen in Supplementary Figure S3 . (C) The mRNA (yellow ribbon/sticks) and P-tRNA (brown ribbon/sticks) from a 70S-fMet-tRNAfmet cryo-EM structure (PDBID 5LZA) have been superimposed on the 30S-RsgA structure to illustrate how the ␤6/7 hairpin and C-terminal ␣-helix (␣6) of RsgA enter the 30S P-tRNA site. Density corresponding to h18 is not shown to facilitate visualization of the 30S P-tRNA binding site. sity running from the N-terminal of the OB-domain, toward the A-tRNA decoding site where it loops up over h18 (C518/G529-G530, Supplementary Figure S3C ) and finally emerging near h34 of the 30S head. This placement of the NTE is consistent with chemical probing experiments that show G530 is protected from chemical modification by RsgA-GDPNP (53) .
In the 30S P-site, the CP-GTPase domain of RsgA clamps around h44 near the interface formed between the minor groove of h44, the tetraloop of h45 and the tip of h24 ( Figure 3B ; Supplementary Movie S3). One arm of this clamp is formed by the ␤-hairpin (␤6 and ␤7 of RsgA), which approaches the major groove of h44 near the modified m 3 U1498 ( Figure 3B and Supplementary Figure S3D ). This residue, besides being one of the rRNA residues modified in the E. coli 16S rRNA, is also important for positioning the mRNA in the 30S P-site (55) . The second arm of the clamp is formed by the switch 1 region (238-250) connecting ␣4 and ␤12, which approaches the minor groove of h44 near A1408 (Thr251), G1517 in the loop of h45 (His248; Figure  3A and B and Supplementary Figure S3E and F) and finally the bulged U793 in h24 (Leu245). In the 30S-RsgA model, h44 and the loop of h45 appear completely docked onto the 30S subunit in the so-called "engaged" conformation characterized by a hydrogen bond network between the minor groove of h44 and G1517-A1519 forming the loop of h45 (56) (57) (58) . This is significant as the loop of h45 contains 3 modified residues, m 2 G1516, m 6 2 A1518 and m 6 2 A1519, and its interaction with h44 is conformationally dynamic; namely the hydrogen bond network between h44 and h45 can be disrupted leading to a disengaged conformation of the loop in response to the antibiotic streptomycin, which stabilizes the near-cognate codon-anticodon interaction at the A-site, and more importantly by the lack of dimethyl modifications on A1518 and A1519 (56) (57) (58) . The functional significance of the RsgA h44/45 interface is evidenced by the observation that the antibiotic streptomycin inhibits the ribosome-dependent GTPase activity of RsgA without affecting binding (14, 16) .
The Zn-domain forms a bridge with the head of the 30S subunit where Tyr299 approaches G1338 (h29) and Arg300 extends between the backbones of G945-A946 and A1229-C1230 ( Figure 3A and B and Supplementary Figure S3G) . Although remote from the mRNA decoding site these elements are involved in P-tRNA binding with G1338, specifically, participating in a universally conserved A-minor interaction with the stem of P-site bound initiator tRNA (52, 59, 60) . The C-terminal ␣-helix (␣6) of the Zn-domain does extend back into the mRNA channel where the PtRNA binds, and approaches the ␤6/␤7 hairpin of RsgA and C1400 (h44) of the 16S rRNA ( Figure 3B and C) which positions the P-site codon-anticodon complex by stacking against the last base pair (52, 61) . Notably ␣6 shares a highly conserved interface (Arg325) with the CP-GTPase domain (Asp142) and approaches switch 2 ( Figure 3B ) which supports the observation that truncating RsgA to remove its Cterminal extension including ␣6 hinders the 30S-dependent GTPase activity of RsgA (24) .
Conformational changes in RsgA activate the GTP binding pocket
In the current 30S-RsgA structure the GTP binding pocket is well-ordered with the switch 1 and 2 regions readily visible in the cryo-EM map. Comparing the structure of free RsgA in its GDP form (28) with the 30S-bound RsgA-GDPNP form presented here ( Figure 4A ) reveals that the ␤-hairpins formed by ␤6/␤7 and ␤12/␤13, together with the OB-domain, undergo a concerted movement relative to the core of the CP-GTPase domain, which can be described as transformation involving a small displacement (6.4Å) and 22
• rotation around a single axis (blue cylindrical arrow in Figure 4A ). This rotation has a significant effect on ␤6 and ␤13 (Figure 4A ), resulting in conformational changes that close the GTP-binding pocket around the GDPNP molecule ( Figure 4B ). For example, the invariant glycine residue (Gly269 in RsgA) following ␤13 is displaced by ∼8Å relative to its position in the GDP structure ( Figure 4B ). This is significant because in GTPases residues homologous to Gly269 typically form a hydrogen bond with the ␥ -phosphate (27) and the observed GDPNP-dependent displacement correctly positions Gly269 to form such an interaction. In the GTPase family of proteins, conformational changes in this glycine residue, driven by the ␥ -phosphate interaction, influence the conformation of residues in the adjacent switch 2 region (27) . Accordingly, switch 2 residues that form a short 3 10 helix in the RsgA-GDP structure (28) unravel into an extended conformation in the RsgA-GDPNP model (Supplementary Movie 4) . In this conformation switch 2 residues approach A790 at the tip of h24.
The rotation of the OB-domain further contributes to the closing of the GTP pocket through displacement of ␤6 (orange arrow, Figure 4B ) which flanks switch 2 and can thus influence its conformation. Moreover, opposite the ␤6/␤7 hairpin, switch 2 is buttressed by the C-terminal ␣6 which therefore couples the relative arrangement of the Zn domain to the GTP pocket in agreement with the previous reports that ␣6 is essential for RsgA´s GTPase activity (24) . Interactions between RsgA and h44 (Thr251/A1408), h45 (His248/G1517) and h24 (Leu245/U793) ( Figure 3A) , assist in ordering the long switch 1 region, which is disordered in the RsgA-GDP structure, further closing the GTP binding pocket and moving Thr250 of the G2 motif ( Figure 4B ) into a position where it can interact with the ␥ -phosphate of GDPNP and the Mg 2+ ion as characteristic of the GTPase family proteins. In summary, the closing of the GTP pocket is dependent on (i) the relative positions of the ␤6/␤7 hairpin, OB-and Zn-domain, which in turn influence the G3 and the switch 2 region, and (ii) the conformation of helices 44, 45 and 24 that form an interface with the ordered switch 1 region.
As mentioned, RsgA belongs to the HAS-GTPase subfamily, and therefore, the catalytic residue in switch-2 that positions the active site water in typical GTPases (Gln61 in Ras and His85 in EF-Tu) is replaced by a hydrophobic valine residue in RsgA (Supplementary Figure S4, black star) , which indicates that RsgA employs an alternative mechanism of GTP hydrolysis (31) . As seen in Figure 4C , a comparison between the GTP binding pockets of EF-Tu (62) and RsgA highlights their similarities but also reveals that the backbone position of the highly conserved His248 in switch 1 of RsgA (Supplementary Figure S4 , black star) allows its side chain to occupy a position that overlaps with the catalytic His85 of EF-Tu (found in switch-2). Moreover, in the 30S-RsgA model, G1517 (h45 of the 30S subunit) is placed such that it can position His248 ( Figure 4C ) similar to the role played by the ␣-sarcin loop in the activation of EF-Tu's GTPase activity. Namely in EF-Tu, GTP hydrolysis is stimulated by the correct positioning of His85 relative to the active site water via an interaction with the phosphate group of A2662 located in the ␣-sarcin loop of the 23S rRNA (62) . Accordingly, RsgA uses a unique mechanism for GTP hydrolysis where the catalytic residue originates in switch 1 rather than from switch 2 as in prototypical GTPases, and it parallels the classical TRAFAC-GTPases like EF-Tu in that the rRNA plays the role of an activator by correctly positioning the catalytic histidine residue. This difference in the architecture of the GTP binding pocket can be exploited when designing RsgA-specific anti-microbials.
Mapping RsgA interaction sites during GTP hydrolysis using directed hydroxyl radical probing
To understand how the interaction of RsgA with the 30S subunit changes in response to GTP hydrolysis, we employed directed hydroxyl radical probing with Fe(II)-BABE. For this purpose, each mutant of RsgA is preferred to have only a single cysteine residue, whereas wild type RsgA has total five cysteine residues, the last three of which might be critical for ribosome-dependent GTPase activity due to their direct involvement in binding the zinc ion (62)) and the RsgA-GDPNP model (green). Key active site residues are drawn as sticks. The active site Mg 2+ ion and water molecule are drawn as seen in the EF-Tu-GDPCP structure. (28, 29) . Since these three cysteine residues were expected to be resistant to modification with Fe(II)-BABE due to its tight binding to a zinc ion, only the former two cysteine residues at positions 64 and 148 were substituted with alanine. This mutant RsgA, designated RsgA(-Cys), has a ribosome-dependent GTPase activity about half of that for wild type RsgA. Based on this background, we designed 33 RsgA mutants, each having only one exposed cysteine residue. The mutant RsgA proteins were overexpressed, and purified by anion exchange and affinity column chromatography. They were subjected to directed hydroxyl radical probing.
To mimic two different steps of RsgA binding and action on the ribosome, each RsgA variant to which Fe(II) was tethered was incubated with the 30S subunit in the presence of either GDPNP or GDP. It has been shown that RsgA·GDPNP but not RsgA·GDP stably binds to the 30S subunit at a normal salt concentration containing 100 mM ammonium chloride, while both RsgA·GDPNP and RsgA·GDP bind to the 30S subunit at a low salt concentration containing 10 mM ammonium chloride (53) . In the present study, Fe(II)-tethered RsgA was mixed with the 30S ribosomal subunit in the presence of GDPNP or GDP to form a complex at a low salt concentration, and cleavages of 16S rRNA by hydroxyl radicals generated from Fe(II) were detected by primer extension. We confirmed that Fe(II) tethered to RsgA(-Cys), as well as to wild type RsgA, yields no detectable 16S rRNA cleavages in the presence of GDPNP or GDP. Cleavage signals were identified from( Figure 5) ; these included nine variants in the OB-domain, two variants in the GTPase domain and six variants in the Zn-binding domain ( Figure 5A ). We confirmed that these 17 variants retained a ribosome-dependent GTPase activity (Supplementary Figure S7) . No signals were detected when we used the remaining variants each having a mutation at residues 48, 57, 80, 121, 152, 171, 194, 202, 204, 226, 294,  298, 309, 322, 324 or 331 (E. coli numbering) .
Overall, the sites of cleavage originating from the individual domains of RsgA correspond well with the domain placement observed by cryo-EM ( Figure 5C and D) . In the presence of GDPNP, cleavages occurred from nine OBdomain variants: they cleaved 16S rRNA predominantly around the A-site, in particular, within h18 and h44 of the 30S body, and within h34 of the 30S head ( Figure 5C ; orange spheres). In comparison, CP-GTPase domain variants cleaved 16S rRNA regions towards the P-site including residues in h24, h28 and h30 ( Figure 5C ; green spheres). Finally, the sites of cleavage from the six variants in the Zn-domain were distributed around the P-site and E-site: variants closest to the Zn binding motif cleaved predominantly in the 30S head (i.e. helices 29, 30 and 34) while those originating from the C-terminal helix (␣6) where more distributed in both the head and platform (helices 24, 28, 29, 30, 34 and 44) ( Figure 5C ; blue spheres). When GDPNP was substituted by GDP, the region of cleavage in the 30S subunit from each domain of RsgA did not alter significantly; namely the region of contact with each RsgA domain is unchanged after GTP hydrolysis (Supplementary Table S1 , Figure 5C and D). However, the pattern of cleavages originating from the individual domains in the presence of GDP is different from that in the presence of GDPNP. For example, 25% of cleavage sites from the OB-domain variants increased in intensity, while only 38% showed lower intensity. By contrast, variants in the CP-GTPase domain and Zn-domain did not show any increased cleavage intensity, while 66% and 90% of the associated cleavage sites showed decreased intensity, respectively (Supplementary Table S1 ). Likewise, when Figure 5C and D are compared, it is evident that the number of strong cleavage sites from the CP-GTPase domain and Zn-domain variants (+++ in the OB-or CP-GTPase domain and ++ in the Zn-domain) are markedly reduced in the presence of GDP. These results indicate that in the GDP form of RsgA, the predominant interaction interface for RsgA is the OB domain, which remains closely associated with the ribosome, while in the GTP form, all three domains are similarly associated with the 30S subunit. Reduction in the number of cleavages in the GDP form of RsgA might reflect lower affinity of the GDP form of RsgA with the 30S subunit than that of the GDPNP form (53) . Furthermore, as seen in Figure 5C cleavage sites in the 30S head are more widely dispersed than those in the 30S body which is consistent with conformational changes observed in h30/h32/h34 ( Figure 2C and D) .
DISCUSSION
Taken together, the single particle cryo-EM and directed hydroxyl radical probing experiments provide insight into the molecular mechanisms underlying the ability of RsgA to interact with and sense the state of the 30S subunit to guide its maturation. First, the RsgA-AI maps indicate that in the 30S-RsgA structure the 16S rRNA forming the 30S head has a more open conformation and the binding of tertiary rproteins uS2, uS3, uS12 and bS21 is destabilized (Figure 2) . Second, the RsgA-AI structure reveals that the main points of interaction between RsgA and the 30S subunit are mediated by ribosomal elements that are also involved in binding and decoding of the mRNA/tRNA (Figure 3) . Importantly, these contact sites often involve or are dependent on rRNA residues that are modified (methylated) during the 30S maturation process and their modification generally contributes to fine-tuning ribosome structure and function often by stabilizing interactions in the P site (55) . Moreover, the directed hydroxyl radical probing experiments reveal that in the GDP form the OB-domain is the dominant interface for 30S contact, while in the GTP form all three domains are involved in 30S binding ( Figure 5) . Finally, the RsgA-AI structure reveals that RsgA uses a structural variation of the prototypical GTP binding pocket where the catalytic residue originates from switch 1 rather than from switch 2. Moreover, the 16S rRNA of the maturing 30S subunit plays an activating role in the GTPase activity of RsgA by influencing the ordering of switch 1 and directly positioning the catalytic residue. This shows that the 16S rRNA can function in GTPase activation like the 23S rRNA of the 50S subunit does with other TRAFAC-GTPases like EF-Tu ( Figure  4 ) (30) .
Prior work has established that RsgA integrates into the 30S assembly pathway after the action of RbfA, a 30S assembly factor that facilitates correct folding of the central pseudoknot region (10) , where RsgA actively promotes the release of RbfA from the 30S subunit (21, 24) . Cryo-EM studies indicate that, similar to the RsgA-30S structure presented here, uS12 and uS3 are underrepresented in the 30S-RbfA complex (23) , and additionally h44 is pulled out of its canonical binding site (11) , which is significant as h44/h45/h24 serves as a large interaction surface for RsgA (Figure 3 ). Our directed hydroxyl radical probing experiments indicate that the OB-domain of RsgA can interact with the 30S subunit independent of the CP-GTPase and Zn-domain ( Figure 5 ). Accordingly, during the initial encounter of RsgA with the 30S subunit, the OB-domain may act as an anchoring point to tether RsgA to the undocked h44, and in turn to the 30S subunit. Moreover, the N-terminal extension of RsgA, which inserts between h44 and h18 (Supplementary Figure S3C) , may substitute for the missing uS12 and facilitate h44 docking into its canonical site. The importance of the OB domain for mediating initial contact with the assembling 30S subunit is supported by the work of Jeganathan and colleagues showing that efficient RsgA binding to immature subunits is dependent on the OB-domain (24) . As mentioned, RsgA, specifically the C-terminal extension, triggers the release of RbfA from the 30S subunit (21, 24) . The earlier cryo-EM structure of the RbfA-30S complex indicates that RbfA displaces h44 from its canonical position (11) , while the present cryo-EM structure of the 30S-RsgA complex indicates that RsgA promotes h44 docking by clamping around the h44/h45/h24 interface to stabilize the docked h44 conformation. Accordingly, the RsgA-induced conformational changes in h44 may weaken RfbA-30S interactions to facilitate its release. Supplementary Table S1 and lighter orange, green and blue indicate sites designated with ++ intensities. Spheres that have two colors are cleaved by variants in multiple domains.
